Introduction
Cellular senescence is best known as a cell-intrinsic mechanism that prevents cancer by limiting the proliferation of damaged or malignant cells (1) (2) (3) . Tumor suppressor pathways involving p53/p21 CIP1/CDKN1A , p16
INK4A/CDKN2A /pRb, and DNA damage repair factors enforce cell growth arrest in response to genotoxic stress and oncogenic insults.
Recent reports in mice show that cellular senescence can also regulate immune processes leading to the elimination of senescent cells (SnCs) . In mouse models of hepatocarcinoma and liver fibrosis, restoring p53 function enables senescent tumor cells and stellate cells to be eliminated by NK cells in part via NKG2D detection, while oncogenic RAS-induced senescence of hepatocytes promotes immune responses involving CD4 + T cells, neutrophils, and macrophages that lead to SnC removal (4) (5) (6) (7) (8) (9) . In mouse models of cutaneous wound repair, p53/p21-and p16-proficient SnCs are cleared after healing is complete (10, 11) .
Cellular senescence is a tumor-suppressive mechanism that can paradoxically contribute to aging pathologies. Despite evidence of immune clearance in mouse models, it is not known how senescent cells (SnCs) persist and accumulate with age or in tumors in individuals. Here, we identify cooperative mechanisms that orchestrate the immunoevasion and persistence of normal and cancer human SnCs through extracellular targeting of natural killer receptor signaling. Damaged SnCs avoided immune recognition through MMP-dependent shedding of NKG2D ligands reinforced via paracrine suppression of NKG2D receptor-mediated immunosurveillance. These coordinated immunoediting processes were evident in residual, drug-resistant tumors from cohorts of more than 700 prostate and breast cancer patients treated with senescenceinducing genotoxic chemotherapies. Unlike in mice, these reversible senescence subversion mechanisms were independent of p53/p16 and exacerbated in oncogenic RAS-induced senescence. Critically, the p16 INK4A tumor suppressor could disengage the senescence growth arrest from the damage-associated immune senescence program, which was manifest in benign nevus lesions, where indolent SnCs accumulated over time and preserved a non-proinflammatory tissue microenvironment maintaining NKG2D-mediated immunosurveillance. Our study shows how subpopulations of SnCs elude immunosurveillance and reveals potential secretome-targeted therapeutic strategies to selectively eliminate -and restore the clearance of -the detrimental SnCs that actively persist after chemotherapy and accumulate at sites of aging pathologies.
Notably, however, p53 and p16 are not required to trigger cellular senescence in human tissues/cells, and many senescence features are p53 or p16 independent (1, 3, 12) , suggesting that additional mechanisms may regulate the interplay between SnCs and the immune system.
Despite evidence of immune surveillance and clearance of SnCs in mice, SnCs accumulate with age in patients and are found in inflamed and damaged tissues, premalignant lesions, and arrested tumors and after chemo-or radiotherapy (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) . Persistent SnCs can contribute to age-associated pathologies and tissue dysfunction, including cancer (18, (22) (23) (24) (25) (26) . These effects have been attributed to the senescence-associated secretory phenotype (SASP; refs. 12, 27, 28), which includes inflammatory factors secreted by tissue-resident SnCs (1) (2) (3) .
Importantly, elimination of persistent SnCs by genetic or pharmacological strategies has been shown to have beneficial effects in mouse models (22, 23, (29) (30) (31) (32) . For example, these approaches reduced chemotherapy side effects and tumor recurrence, and reversed the decline in hematopoiesis after irradiation or aging (18, 20, 23, 31, 32) . However, results from transgenic models such as INK-ATTAC and p16-3MR may not be directly translatable in humans, and purging SnCs from tissues by blocking antiapoptotic pathways activated in SnCs may have side effects limiting their therapeutic use in patients (33, 34) . Alternatively, strategies designed to potentiate the immune recognition of persistent SnCs could help augment their physiological clearance. For instance, the specific cell surface overexpression of DPP4 by human senescent fibroblasts supported antibody-dependent cell-mediated cytotoxicity (ADCC) against SnCs (35) .
Understanding the signaling pathways involved in the persistence of SnCs may open new intervention avenues to boost their elimination. Here, we identify immunoediting mechanisms by which persistent SnCs evade immune clearance, with the potential for developing novel SnC-killing therapies (senolytics) to restore immune detection and elimination of SnCs, and to improve the outcome of cancer treatments and mitigate the detrimental effects of aging.
Results

Expression of NKG2D ligands by tissue-resident SnCs in patients.
NKG2D ligands (NKG2D-Ls) are cell surface semaphores that mediate the immune recognition and clearance of cells that are transformed, damaged, stressed, or infected (36) (37) (38) (39) . NKG2D-Ls are mostly absent in healthy tissues. Others and we previously observed an increase in NKG2D-L expression upon senescence induction in vitro in normal human fibroblasts (8, 40) . However it is not known whether the senescence-associated upregulation of NKG2D-Ls happens in human tissues where SnCs reside.
To address this, we first measured the expression of NKG2D-L MICA and MICB in laser-captured, paired tumor samples from 10 patients with prostate cancer before and after mitoxantrone (MIT) treatment, which we previously showed induces cellular senescence based on cell cycle arrest and SASP markers (12, 41) . We found that after senescence-inducing genotoxic chemotherapy, residual tumors expressed significantly higher levels of MICA/B ( Figure 1A ). To test whether or not this was limited to prostate cancer, we performed a meta-analysis of data from breast cancer clinical trials to compare gene expression profiles of patients who underwent epirubicin/cyclophosphamide (EPR/CTX) therapy versus untreated patients (376 patients; refs. [42] [43] [44] . Tumor tissues remaining after genotoxic chemotherapy showed significantly elevated expression of MICA/B and hallmarks of senescence-associated growth arrest ( Figure 1B) . These results show that DNA-damaging chemotherapies induce tumors to develop a senescence phenotype associated with elevated levels of NKG2D-Ls. Although this may agree with the notion that SnCs upregulate NKG2D-Ls, it is surprising because NKG2D-Ls should promote the immune detection and clearance of those cells. Thus, other characteristics likely allow these SnCs to elude immune recognition and persist while expressing elevated levels of NKG2D-Ls.
Intrigued by these observations, we asked whether a similar phenomenon occurs in cutaneous nevi, in which cells arrest and senesce largely due to p16 expression and persist for long periods in vivo (45, 46) . Using transcriptome data comparing normal skin with nevus samples (25 patients; ref. 47) , we found that MICA and -B were not upregulated in nevi ( Figure 1C ). Not only are these results opposite to what we found in tumors after genotoxic chemotherapy, but nevi also did not show increased levels of p21 ( Figure 1C ), which is a known downstream effector of activated p53 and DNA damage response (DDR) pathways (3, 48) . This suggests that in individuals, some SnCs may not express NKG2D-Ls or may not signal their presence to the immune system. For each patient, laser-captured tumor areas were isolated from prostate biopsies obtained before chemotherapy and from prostate tissue after four 4-week cycles of neoadjuvant mitoxantrone (MIT) treatment followed by radical prostatectomy. mRNA levels were measured by qRT-PCR for 20 paired tumor specimens collected from 10 individuals (linked dots before vs. after treatment [Tx] ). Left panels show expression levels of NKG2D ligands MICA and MICB. Right panels show expression levels of senescence-associated growth arrest genes p16, p21, and cyclin A1 (CCNA1). P value, Student's t test; paired; 2 tails. FC, fold change (averaged across patients. Percentage of tumors following the main trend in changes associated with MIT-treatment is indicated. up, upregulated; down, downregulated (B) Gene expression in tumors from breast cancer patients treated or not with genotoxic therapy (37 vs. 339 patients). Each box plot displays the median (horizontal red lines), first to third quartile range (Q1-Q3 or interquartile range [IQR] ; blue boxes), minimum to maximum (dashed lines), outliers (red marks). FDR-corrected P values are shown. EPR/CTX, epirubicin/cyclophosphamide treatment. (C) Gene expression in nevi compared with normal skin (18 vs. 7 
individuals).
These findings show that different kinds of tissue-resident SnCs exist and show distinct immunogenic phenotypes, hence persisting through different mechanisms. Understanding how SnCs persist could define new therapeutic interventions to eliminate them where and when needed, for instance, to help restore therapeutic sensitivity, prevent cancer relapse, or mitigate aging pathologies (2, 34, (49) (50) (51) . So we undertook to test a wide panel of senescence-inducing conditions and senescence regulators (including p53, p16, and p21), and then developed coculture systems to explore and resolve mechanisms driving the persistence of SnCs.
Severe genotoxic stress induces NKG2D-L upregulation independently of p53/p16. As a first model, we induced cellular senescence by DNA damage (10 Gy X-ray [XRA]; or replicative senescence [REP]) in normal human WI-38, IMR-90, and HCA2 fibroblasts expressing WT p53/p16, or exogenously inactivated p53 (p53 -), or knocked-down p16 (p16 -). Controls are provided in Supplemental Figure 1 , A-D, and Supplemental Table 1 (supplemental material available online with this article; https://doi.org/10.1172/jci.insight.124716DS1).
We found that mRNA levels of NKG2D-L MICA/B and ULBP-1/2/3 were increased in p53/ p16-proficient XRA and REP SnCs (Figure 2A ). Cell-surface abundance of NKG2D-Ls was elevated in SEN (XRA) compared with presenescent (PRE) cells ( Figure 2B ). NKG2D-L expression developed over time (5-7 days after 10 Gy exposure), coinciding with the expression of SASP components (12), such as IL-7 (Supplemental Figure 2A) . Figure 2B ). Therefore, p53 and p16 were not required to induce senescence-associated NKG2D-L expression in response to radiotherapy, chemotherapy, or telomere shortening (i.e., replicative life span) in normal fibroblasts, and in immortalized or cancer epithelial cells.
Next, we asked whether transient DDR was sufficient to induce NKG2D-Ls in our model. Fibroblasts exposed to low-dose irradiation (0.5 Gy), which transiently activates a DDR and ATM (52, 53) , did repair their DNA damage to levels similar to unirradiated controls after ≥2 days based on numbers of 53BP1 foci (Supplemental Figure 1E ) and did not express elevated levels of NKG2D-L expression (Figure 2 , E and F). This contrasted with NKG2D-L expression in irreversibly damaged fibroblasts exposed to 10 Gy ( Figure  2A ). We validated these results by stably depleting ATM using shRNA (ref. 52 and Supplemental Figure  1F ); this was followed by 10 Gy irradiation, which resulted in largely reduced NKG2D-L expression in SnCs ( Figure 2E ). So, NKG2D-L expression by SnCs required a sustained DDR without necessitating p53 or p16 tumor suppressors.
p16/p21-induced senescence growth arrest is disconnected from NKG2D-L expression. In contrast to these results, our observations in nevi ( Figure 1C ), where cells arrested and senesced with high levels of p16 but low levels of NKG2D-Ls, led us to postulate that the induction of NKG2D-L expression by SnCs may depend on the DDR but not on cell growth arrest per se. SnC cycle arrest is carried out by cyclin-dependent kinase inhibitor (CDKI) p16 or p21 (1, 28) . To mimic the senescence arrest elicited by these CDKIs, we exogenously overexpressed p16 or p21 in WI-38 and IMR-90 fibroblasts (controls in Supplemental Figure  1 , A, D, G, and H). We found that these cells showed limited changes in levels of NKG2D-L mRNA and protein ( Figure 2 
, G and H).
This demonstrates that the expression of NKG2D-Ls is not a consequence of CDKIs' activation or senescence per se, but rather a response to damage that is separable from the growth arrest. These findings also indicate that, in vivo, p16 + cells/SnCs may not necessarily express NKG2D-Ls, as we observed in patients' nevi ( Figure 1C ). Hence, p16 neither establishes nor triggers NKG2D-L expression, and the immunogenic program of cellular senescence can be dissociated from other senescence characteristics, including cell cycle arrest and p16 expression.
NKG2D-L expression regulates the balance between clearance and persistence of SnCs.
To explore how the fate of these different types of SnCs may depend on NKG2D-Ls, we cocultured leukocytes with SnCs or their presenescent counterparts, and measured lactate dehydrogenase (LDH) release as a reporter of cytotoxicity. We found that IL-2-preactivated primary NK cells were the main effectors of XRA or REP SnC cytolytic killing ( Figure 3A , red bars, and Supplemental Figure 3A ). Blocking the NKG2D receptor significantly prevented the killing of SnCs ( Figure 3A , purple bars; increased SnC persistence). Sensitivity to NKG2D-mediated killing was independent of SnCs' p53 and p16 status ( Figure 3A) . Moreover, SnCs pretreated with recombinant NKG2D receptor/Fc fusion protein were more susceptible to killing (Supplemental Figure 3B ; decreased SnC persistence). These results show that NKG2D-Ls are key limiting factors that mediate the immune detection of damaged SnCs and orchestrate the balance between elimination/clearance and survival/persistence of SnCs.
These results were recapitulated using freshly collected, IL-2-preactivated PBMCs ( Figure 3A , blue and turquoise bars). Similar results were obtained with prostate and mammary epithelial cells induced to senesce with genotoxic agents (MIT, ETO, XRA; Supplemental Figure 3 , C and D). Cells that recovered from low-dose irradiation (0.5 Gy) remained impervious to killing, further supporting that severe genotoxic stress is a driver of NKG2D-L-dependent immunosurveillance.
Additionally, other cell surface molecules such as DNAM-1 ligands (DNAM-1-Ls) (CD112, CD155), which can also trigger targeted cytolytic responses of NK and T cells (54, 55) , were increased in XRA or REP SnCs (Supplemental Table 2A ). However, blocking the DNAM-1 receptor had limited impact on SnC clearance/persistence in coculture (Supplemental Figure 3E) , thus indicating that NKG2D-Ls -but not DNAM-1-Ls -were primary mediators of SnC recognition and cytolysis in our model. Since the fate of SnCs is likely tightly regulated by a fine-tuned balance between activating and inhibitory ligands (37), we also tested whether the senescence program may induce a loss of inhibitory ligands HLA-E and -C. The limited changes we observed (Supplemental Table 2A ) further suggest that the levels of NKG2D-Ls may act as the main molecular threshold driving SnC clearance in our model system.
To further assess these SnC clearance results, we maintained SnCs or presenescent cells in long-term coculture conditions with primary PBMCs ( Figure 3B ). After 10 days in direct coculture, nearly 90% of XRA or REP SnCs had been cleared, regardless of their p53 or p16 status, while ATM-deficient XRA SnCs and 0.5 Gy-irradiated cells remained mostly resilient to clearance ( Figure 3B and Supplemental Figure 3F ). The killing of damaged SnCs was associated with high levels of granzyme B (GRZB), IFN-γ, and TNF-α in the media of direct cocultures, regardless of SnCs' p53 status (Supplemental Figure 3 , G and H), indicating activation of innate immune cells (54) . Treatment with NKG2D receptor/Fc fusion protein increased GRZB levels and SnC elimination (Supplemental Figure 3I ), while inhibiting GRZB/ perforin-mediated (GRZB/PRF-mediated) cytolysis using concanamycin A treatment blocked the killing of SnCs in cocultures (Supplemental Figure 3J) .
Importantly, cells that were induced to senesce by exogenous overexpression of p16 or p21 remained largely impervious to immune clearance in cocultures ( Figure 3 , A and B, far right bars). Survival levels were similar to those of NKG2D receptor-blocked XRA/REP SnCs or 0.5 Gy-irradiated cells. These p16 results mirrored observations in patients' nevi, where indolent SnCs persist, and indicated that the senescence growth arrest could be uncoupled from mechanisms of genotoxic stress response, including the immune clearance program. By not upregulating cell surface antigens that would promote their elimination, p16-senesced cells remain undetected. Conversely, severe genotoxic stress promotes NKG2D-L expression, which allows SnCs to be mostly cleared (summarized in Figure 3C ).
Yet what causes the persistence of damaged SnCs? Based on patient data ( Figure 1 , A and B; high levels of NKG2D-Ls after chemotherapy) and coculture experiments ( Figure 3A ; antibody-based targeting of NKG2D-Ls/NKG2D, modulating levels of survival/persistence), we hypothesized that a subset of damaged SnCs may actively evade immune recognition, possibly via mechanisms preventing NKG2D-L/ NKG2D functions.
A subset of damaged SnCs actively evades leukocyte recognition and killing. We had initially noticed that the elimination of damaged SnCs in PBMC cocultures was never complete ( Figure 3B ). So, we treated these persistent SnCs with fresh batches of PBMCs, and scored survival. We found that 70%-80% of the original persistent SnCs remained impervious to killing ( Figure 4A ; up to 8-fold increase in resistance to immune clearance). Thus, persistent SnCs possessed inherent properties that allowed them to actively evade recognition and cytolysis.
Persistent SnCs cleave NKG2D-Ls from their cell surfaces. To characterize persistent SnCs, we compared NKG2D-L expression in SnCs that had not been exposed (naive) or had been exposed (persistent) to PBMCs. Surprisingly, persistent SnCs expressed equal or greater levels of NKG2D-L mRNA and intracellular protein compared with naive cells (Figure 4 , B and C, and Supplemental Figure 4A ). However, immunofluorescence showed strikingly diminished levels of NKG2D-Ls on the surface of persistent SnCs relative to naive ones ( Figure 4D ).
Since cancer cells can promote their immunoevasion by shedding NKG2D-Ls (56-60), SnCs may also shed NKG2D-Ls to elude immune detection and persist. We found that the cell culture media of senescent fibroblasts and epithelial cells contained soluble NKG2D-L MICA (sMICA; Figure 4E and Supplemental Figure 4B ) and that the media from persistent SnCs contained markedly higher levels of soluble NKG2D-Ls compared with naive counterparts ( Figure 4F MMP inhibition restores the clearance of persistent SnCs. MMPs coordinate extracellular proteolytic cascades, signaling pathways, and shedding of cell-surface receptors and ligands, including NKG2D-Ls (36). We found that p53 WT and p53-deficient XRA or REP SnCs expressed and secreted multiple MMPs at higher levels than PRE cells ( Figure 5 , A and B, and Supplemental Table 2C ). Because MMP3 was among the most upregulated MMPs across damaged SnCs, we used it as a marker of senescence detectable by immunofluorescence. In contrast to the high but variable MMP3 levels observed among naive SnCs ( Figure  5C , top), persistent SnCs consistently displayed intense MMP3 staining ( Figure 5C , bottom). Quantitation showed that persistent SnCs systematically expressed the highest levels of MMP3 ( Figure 5D and Supplemental Figure 4C ). Focusing on transcriptional activity of the MMP-1, -3, -10, -12 locus, which we previously showed increases upon senescence (27) , we found that mRNA levels from this chromosomal locus were collectively and substantially far higher in persistent SnCs compared with naive cells ( Figure 5E and Supplemental Figure 4C ; >100-fold).
To test the possibility that MMPs inhibition might preserve the cell surface presentation of NKG2D-Ls and thus enhance the killing of persistent SnCs, we used the broad-spectrum MMP inhibitor GM6001. GM6001 effectively blocked MICA shedding in a dose-dependent manner ( Figure 6A ) and increased cell surface NKG2D-Ls ( Figure 6B ). Critically, GM6001 treatment of fibroblast and epithelial cancer SnCs prior to coculture with IL-2-activated NKs or PBMCs markedly decreased SnC survival ( Figure 6C ; 4-to 9-fold reduction in persistence, Supplemental Figure 4D ). Moreover, GM6001 treatment of already-persistent SnCs prior to a second round of PBMCs led to their near complete clearance ( Figure 6D ).
Importantly, persistent SnCs harboring a p53 or p16 deficiency were also highly susceptible to clearance rescue by protease inhibitor treatment in both coculture models ( Figure 6, C and D) . Other extracellular proteases such as plasmin and cathepsin B were not consistently identified as prosurvival factors (data not shown), and PDIA6/ERp5 and ADAM17 only increased slightly at senescence compared with MMPs (Supplemental Table 2C ). Thus, MMPs were key factors that enabled damaged SnCs to evade immune killing by reducing cell-surface presentation of NKG2D-Ls (summarized in Figure 6E ), and the use of protease inhibitors may be an effective therapeutic strategy to restore the immune detection and clearance of persistent, deleterious SnCs.
Oncogene-induced SnCs are hyperresistant to immune killing. Oncogenic mutations causing DNA replication stress are another senescence modality (3, 46, 61) . Surprisingly, we found that fibroblasts senesced due to oncogenic HRAS(G12V) expression (RAS; Supplemental Figure 5 , A-C) were largely refractory (>90% survival) to killing by PBMCs ( Figure 7A ), which contrasted with XRA or REP SnCs (~10% survival). RAS cocultures were also devoid of GRZB (Supplemental Figure 5D) . RAS SnCs displayed only limited changes in expression of the inhibitory ligands HLA-E and -C (Supplemental Table 2A ), which are thus unlikely to mediate the bulk of the resistance to killing in our in vitro model of RAS SnC persistence. This was also not due to a downregulation or loss of NKG2D-Ls, because p53-proficient and p53-deficient RAS SnCs expressed NKG2D-Ls at even greater levels than XRA or REP SnCs ( Figure 7B ; >2-fold; Supplemental Table 2A) .
However, RAS SnCs expressed a significantly wider set of MMPs and at levels that far exceeded those of XRA or REP SnCs both at the mRNA and protein levels ( Figure 7 , B and C; >20 fold; Supplemental Table  2C and Supplemental Figure 5 , E and F). Media from naive RAS-senescent fibroblasts and epithelial cancer cells contained substantially more soluble MICA/B (>10 fold) than naive REP or XRA cells ( Figure 7D and Supplemental Figure 5 , G and H). These high levels were similar to levels in media from persistent XRA or REP SnCs and were maintained by persistent RAS SnCs ( Figure 7D ). All RAS SnCs that evaded immune killing expressed high levels of the senescence marker MMP3 ( Figure 7E ). Although the extremely high levels of proteases produced by RAS SnCs may prevent protease inhibitors from fully restoring their immune detection and clearance, and even though the expanded secretome of RAS SnCs (12) may impact immune processes in other detrimental ways, we still found that GM6001 treatment increased the immune clearance of RAS SnCs by up to 20% (Supplemental Figure 5I) . These results support the notion that immune evasion and persistence of RAS SnCs was mediated, at least in part, via high protease secretion and high levels of NKG2D-L shedding.
Persistent SnCs suppress NKG2D receptor-mediated immunosurveillance in a paracrine manner. Reduced NKG2D receptor expression by NK/T cells impairs tumor immunosurveillance in patients (36, 37, 56 ). Values were normalized to the fibroblast marker CD90 and then compared between persistent and naive SnCs (fold change relative to naive SnCs). MMPs were not detected in PBMCs (Supplemental Table 2D ).
To determine whether SnCs could also influence NKG2D receptor expression as an additional mechanism of immunoevasion, we treated IL-2-activated NK cells with media from PRE, p16 SEN, or RAS SEN cells, and measured NKG2D levels. Media from PRE and p16 SEN cells had no effect, but media from RAS SnCs reduced NKG2D mRNA levels by more than 10-fold ( Figure 8A ). Likewise, NKG2D expression declined sharply when PBMCs were in direct coculture with persistent senescent XRA or RAS cells, regardless of their p53 status ( Figure 8B ). Consistent with ATM-dependent upregulation of SASP factors (52) and NKG2D-Ls ( Figure 2E ), ATM-deficient XRA SnCs failed to repress NKG2D expression ( Figure  8B ). Thus, NKG2D-Ls shed in an autocrine manner by SnCs facilitate SnC immunoevasion by preventing NKG2D recognition, and SnCs further suppress immunosurveillance by decreasing NKG2D expression in a paracrine manner in cytolytic effector cells (summarized in Figure 8C ). Figures  2-8 show that SnCs can elude immune recognition via extracellular targeting of NKG2D-L/NKG2D signaling, so we asked whether chemotherapy-treated tumors recapitulated these cooperative mechanisms of SnC persistence.
Concerted expression of MMPs and NKG2D in residual tumors after chemotherapy. Results in
In prostate cancer tissues from patients treated with MIT that showed elevated levels NKG2D-Ls ( Figure 1A) , we found that residual tumors expressed significantly higher levels of MMPs after genotoxic chemotherapy ( Figure 9A , blue lines; controls for senescence markers provided in Supplemental Figure 6A ). We validated these results in an additional cohort of 10 patients ( Figure 9A , purple lines; 20 laser-captured paired tumors). We confirmed high MMP3 levels in tumor cells after MIT plus docetaxel (DTX) chemotherapy by IHC in a separate cohort of 76 patients ( Figure 9B ). We then measured NKG2D receptor expression across all prostate cancer specimens (20 patients, 40 tumors total) and found a striking significant reduction in NKG2D after chemotherapy ( Figure 9C ). This reduction was not due to fewer NK/T cells after chemotherapy, as shown by unchanged expression of the NK/T cell markers CD94, CD8, and CD57 (Supplemental Figure 6 , B and C). Notably, individuals who did not overexpress MMPs (Supplemental Figure 6D ; patient 8) or NKG2D-Ls (Supplemental Figure 6D ; patients 9 and 10) did not show downregulated NKG2D expression.
Remarkably, adjacent normal prostate tissues, which are much less susceptible to MIT damage owing to low cycling rates, did not show significant changes in MMPs, NKG2D-Ls, or NKG2D after chemotherapy ( Figure 9D, bottom panels) . Figure 5D ).
We extended our studies to breast cancer patients treated with EPR/CTX who showed high levels of NKG2D-Ls ( Figure 1B) . We found that tumor tissues remaining after genotoxic chemotherapy expressed elevated levels of MMPs ( Figure 10A ), which was accompanied by significantly reduced expression of NKG2D ( Figure 10B and Supplemental Figure 7A ).
To address whether these findings were specific to DNA-damaging therapy, we performed an additional transcriptional meta-analysis of tissues from breast cancer patients who underwent tamoxifen/letrozole (TMX/LET) targeted therapy, i.e., nongenotoxic hormone therapy. We found no increase in MMP or NKG2D-L expression and no decrease in NKG2D receptor expression after treatment ( Figure 10C , 241 patients; Supplemental Figure 7 , B and C).
Collectively, results from these multiple tissue types (prostate, breast, tumor, normal) and more than 700 patients treated with several therapeutic regimens (MIT, MIT/DTX, EPR/CTX, TMX/LET), demonstrated that after DNA-damaging chemotherapy, residual tumors harboring persistent SnCs recapitulate the cooperative mechanisms that drive SnC immunoevasion. Our work elucidates how damaged SnCs can persist in patients while paradoxically expressing high levels of NKG2D-Ls.
Unchanged MMP levels and maintained NKG2D immunosurveillance in persistent nevi. Finally, in nevi, where persistent senescent melanocytes did not upregulate NKG2D-Ls ( Figure 1C) , we found no upregulation of MMPs and no downregulation of NKG2D ( Figure 11, A and B) . We also found that DDR-associated SASP inflammatory factors were not upregulated in patients' nevi (Supplemental Figure 8, A and B) .
These results mirrored our findings in cell culture models and indicated that some p16-induced SnCs can persist for long periods of time owing to minimal changes in expression of NKG2D-Ls, MMPs, and inflammatory factors, and without impairing NKG2D-dependent immunosurveillance. These results suggest that not all SnCs promote their immune detection and self-elimination, and different mechanisms leading to SnC persistence allow different kinds of tissue-resident SnCs to exist in individuals.
Discussion
Although cellular senescence is a safeguard against malignant transformation and can promote tissue repair, persistent SnCs can also drive aging and contribute to tumor relapse and adverse effects of chemotherapy (1-3, 18, 20, 22, 23) . While recent studies have focused on the clearance of SnCs in transgenic mouse models, our work concentrates on mechanisms causing SnCs to persist in humans and reveals new senolytic strategies to augment the killing of detrimental, immune-evading, residual SnCs. Our data show how oncogenic and tumor-suppressive drivers of cellular senescence regulate surveillance processes that can be circumvented to enable SnCs to elude immune recognition but can be reversed by cell surface-targeted interventions to purge the SnCs that persist in vitro and in patients.
We found that the senescence program couples the sensing of genotoxic damage with extracellular mechanisms by which chemotherapy-and oncogene-induced SnCs subvert immune clearance through concerted MMP-dependent shedding of NKG2D-Ls and suppression of NKG2D-mediated immunosurveillance, leading to SnC persistence. This process was conserved in vitro in normal fibroblasts and in immortalized or cancer epithelial cells, and in vivo in residual tumors from patients with breast and prostate cancer who underwent senescence-inducing genotoxic chemotherapy.
Critically, neither the p53 nor the p16 tumor suppressor was required to establish or maintain the senescence-associated expression of NKG2D-Ls and MMPs in response to senescence-inducing genotoxic stresses caused by telomere shortening (replicative senescence), radiotherapy, chemotherapy, or oncogenic stress (e.g., RAS[G12mut]). In addition, p53 and p16 were dispensable to successfully clear residual SnCs. This is crucial, because in patients, the majority of tumors are p53 or p16 deficient. Thus, the targetable vulnerabilities we uncovered offer the possibility to inhibit proteases or block ligand shedding or stabilize ligand presentation to restore the immune detection and clearance of chemotherapy-resistant senescent cancer cells, regardless of tumors' p53 or p16 status (Figure 12, right side) . Furthermore, we found that these immunogenic and proteolytic mechanisms did not occur in noncancerous tissues. So these evasion processes were localized to genotoxic-resistant tumors, which suggest that senolytics directed at these actionable dependencies could avoid undesirable side effects while effectively and specifically removing deleterious SnCs. Finally, our finding that, in human cells and tissues, the occurrence, clearance, and persistence of SnCs do not depend on p16 or p53 expands the scope of targetable mechanisms, as well as the kind of persistent SnCs to study beyond those currently testable in transgenic mouse models that depend on p16 induction or p53 restoration (4-7, 11, 20, 22, 23, 29, 30, 62) .
Importantly, senescence-associated cell cycle arrest per se was not sufficient to trigger NKG2D-L expression, and cells that exogenously overexpressed p16 or p21 remained impervious to immune clearance. This mirrored the lack of inflammatory secretory phenotype by these cells (28) . Likewise, we found that human nevi, which arrest largely due to the expression of the aging biomarker p16 and persist for long periods in vivo (45, 46) , did not upregulate NKG2D-Ls and did not display inflammatory SASP features (Figure 12, left side) . Although the p16 promoter has been used to eliminate SnCs from diseased tissues in mice (18, 22, 23, 29, 62) , our previous (28) and present cell culture, nevus, and tumor data suggest that two kinds of p16-expressing, persistent SnCs may exist. On one hand, some p16 + cells might not activate mechanisms of immune clearance and inflammation, thus remaining relatively neutral with respect to tissue microenvironment. This scenario may be relevant in adult organisms, where retaining arrested yet functional cells may help maintain tissue homeostasis (1, 3, 63, 64) . This also raises the possibility that p16 can prevent tumor formation not only by triggering senescence arrest as an early sensor of cellular stress (65) , but also by precluding the induction of immune signals that may become detrimental over time if unresolved or unwarranted. This p16-driven protective effect may relate to observations in benign cutaneous nevi. In the alternative scenario, SnCs residing at sites of damage or experiencing severe genotoxic stress induce both p16 and sustained DDR signaling that cause cell growth arrest and elicit a complex inflammatory program, which includes the coordinated expression of SASP factors and immune stress ligands. Our results in tumors from patients treated with chemotherapies (MIT, MIT/ DTX, EPR/CTX) and in cell culture models (REP, XRA, ETO, MIT, RAS) support this latter situation. While both scenarios may reflect the context-specific functions of the p16 tumor suppressor and underline the multifaceted, dynamic nature of senescence-regulated signaling networks in tissues, it remains clear that patients could benefit from therapeutic interventions that would eliminate the p16 + SnCs that accumulate with age in inflamed or damaged tissues or persist in malignant lesions (2) , as demonstrated in mice (18, 22, 23, 29, 62) .
In vivo studies have shown that SnCs are present in damaged tissues (1, 14) , suggesting that SnCs circumvent immune clearance and persist. We consistently found that a subset of damaged SnCs is not eliminated by leukocytes. We identified 2 cooperative mechanisms of immunoevasion that drive SnCs persistence through extracellular targeting of NK cell receptor signaling.
First, secreted MMPs, which are prominent SASP factors, determined the level of cell surface NKG2D-Ls, and through autocrine ligand shedding rendered SnCs unrecognizable by leukocytes. Persistent SnCs systematically expressed high levels of MMPs. Oncogenic RAS-induced SnCs, which develop an exacerbated SASP (12, 28) , secreted very high levels of MMPs and shed NKG2D-Ls, and largely evaded immune recognition. This protease-dependent immune subversion mechanism was conserved in nontransformed cells and cancer cells regardless of their p53 or p16 status, and in residual tumors refractory to genotoxic chemotherapy in patients with breast and prostate cancer. NKG2D-L stabilization by MMPs inhibition led to almost complete clearance ( Figure 12 , right side). The fraction of NKG2D-Ls cleaved from the cell surface by secreted proteases may ultimately control whether damaged SnCs persist.
Since eliminating SnCs can prevent tumor progression, delay the onset of degenerative diseases, and restore fitness (18, 20, 22, 23, 29, 32) ; since NKG2D-Ls are not widely expressed in healthy human tissues and NKG2D-L shedding is an evasion mechanism also employed by tumor cells (36, (56) (57) (58) (66) (67) (68) ; and since increasing numbers of B cells express NKG2D ligands in NKG2D receptor-deficient mice as they age (69), we propose that therapeutic interventions designed to increase cell surface presentation of NKG2D-Ls could be effective senolytic strategies to resensitize persistent SnCs to immune detection and rescue their clearance, whether in cancer or aging settings. Importantly, such a senolytic strategy would spare the nondamaged p16 + SnCs that do not develop the MMPs/NKG2D-L-dependent immunoevasion phenotype and that may be needed to carry on normal tissue functions, as reported in p16 + aging pancreatic β cells (63) or as we found in nevi. This actionable immunoevasion mechanism implies that differences in expression of NKG2D-Ls and MMPs may define which types of SnCs can persist in patient tissues, including damaged and nondamaged cells, but it also points at possible threshold effects likely driven by the fine-tuned balance . p53-and p16-independent immunoediting mechanisms engaged by damaged senescent cells define targeted senolytic strategies to restore immunosurveillance and eliminate deleterious senescent cells that evade clearance and persist. The mechanisms that cause detrimental senescent cells (SnCs) to escape and persist can be turned into actionable targets. Such a rescue strategy allows augmentation of the physiological removal of residual SnCs (see cascade on the right and the senolytic rescue loop on the far right). Since mechanisms directing both the elimination and escape of SnCs are independent of p53 or p16, the immunoevasion of SnCs is reversible and targetable in tissues where p53 or p16 are defective, such as tumors. This offers new opportunities to treat cancer by combining standard genotoxic drugs with targeted senolytic agents (e.g., a protease blocker). The nondamaged and non-proinflammatory persistent SnCs, including cells that senesced owing high p16 expression, would remain insensitive to -and be spared by -such senolytic intervention (see cascade on the left). Since SnCs are in a state of final growth arrest, acquired senolytic resistance, or adverse selection of genetically adapting SnCs is not anticipated. Since the secretome of residual damaged SnCs is often inflammatory, such senolytic strategy would also help restore immunosurveillance in tissues where these SnCs would otherwise accumulate, such as chemotherapy-resilient tumors and possibly at sites of aging pathologies, including atherosclerotic lesions, osteoarthritic joints, or pulmonary fibrotic tissue.
between levels and types of ligands and proteases, and their combinatorial effects. Since different senescence-inducing stresses likely trigger distinct senescence programs, it will be critical to explore whether SnCs present in age-related diseases such as osteoarthritis, pulmonary fibrosis, and atherosclerosis, in tissues from frail or obese patients, or in other drug-resistant cancers engage subversion mechanisms similar to those we found, or instead regulate alternative proteolytic networks (e.g., uPA, ADAMs) or express higher or lower levels of other ligands that promote -or inhibit -their immune recognition and killing (e.g., DNAM-1-Ls, HLA-E, ICAMs). How such threshold dependencies may regulate SnC immune selection and persistence suggests that cellular senescence could be a pivotal component of cancer immunoediting (70) . Considering that the loss of p53 and p16 is a cancer event that can also enable cells to overcome or revert senescence arrest while amplifying their inflammatory secretory activities (1, 3, 12, 71) , it is possible that some of the paradoxical cell-intrinsic and -extrinsic effects of cellular senescence may be involved in the elimination, equilibrium, and escape phases (67, 70) that underlie tumorigenesis, as well as acquired drug resistance or cancer recurrence.
In line with this concept, and as a second mechanism of senescence immunoevasion, we found that the SASP of persistent SnCs can in a paracrine manner suppress NKG2D-dependent immunosurveillance. Besides the possibility that chronically released soluble NKG2D-Ls may directly block NKG2D or act as decoys for effector leukocytes, we found that persistent SnCs decreased NK cell functionality by reducing NKG2D expression in vitro and in chemotherapy-resistant tumors ( Figure 12 , right side). This corroborates previously observed effects of shed NKG2D-Ls (56, 57, 66, 67, 72) and likely involves the non-cell-autonomous activities of other SASP factors, including TGF-β (60, (73) (74) (75) (76) , especially in the context of p53-deficient and/or oncogene-activated SnCs that develop an amplified secretome (12) . Elevated levels of LDH released by RAS-SnCs (data not shown) may also disrupt tissue surveillance, as observed in glioblastoma, where LDH-induced NKG2D-Ls on patrolling myeloid cells cause NKG2D downregulation and subversion of immune responses (77) . The SASP can create a proinflammatory microenvironment, disrupting tissue homeostasis (2) and generating locally immunosuppressed tissue niches that may promote cancer relapse and impact response to therapy (16, 20, 24) . So, therapeutic manipulations dampening the SASP, such as inhibitors of BET motifs (9), NF-κB (78), mTOR (79) , or cGAS/STING signaling (80), may mitigate the detrimental effects of residual SnCs and restore tumor immunosurveillance.
Because cellular senescence is not necessarily detrimental and SASP components can facilitate tissue repair or support immune functions (4) (5) (6) (7) 10) or may communicate the compromised state of cells via MULT1 release in mice (81), it will be important to design therapeutic strategies that specifically target the deleterious SnCs of diseased tissues (2) . Our work suggests that therapies blocking mechanisms of NKG2D-L shedding could effectively eradicate persistent senescent tumor cells, and concurrently restore immune surveillance. Harnessing the immunosuppressive effects of residual SnCs may help restore therapeutic sensitivity and mitigate aging pathologies. Specifically, inhibitors of SnCs' secretome could be used in combination with neoadjuvant chemotherapies to reduce tumor burden, avert drug resistance, lower the risk of tumor recurrence, and ultimately improve patient outcomes.
Methods
Quantitative real-time PCR
Gene expression analyses were performed with Applied Biosystems TaqMan assays. Catalog IDs for each gene are listed in Supplemental Table 3A .
Meta-analysis of microarray data
We queried microarray data from clinical studies deposited in the NIH/Gene Expression Omnibus or ArrayExpress website. Briefly, we used terms/key words to filter studies of interest (e.g., "breast cancer and not treated/untreated and chemotherapy treated," or "nevi and normal skin"). Next, we identified which studies could be merged by applying a bias analysis. Finally, the selected datasets were analyzed. Supplemental Table 3B lists genes, NCBI Gene IDs, microarray probe set IDs, and availability on Affymetrix platforms U133A or U133 Plus 2.0. Supplemental Table 4 
Human tissue microarrays and IHC
Tissue microarrays from prostate cancer patient biopsies were made at the University of Washington. Antibodies used in IHC are listed in the ELISA, immunofluorescence, antibodies, inhibitors, and recombinant proteins. All slides were reviewed and scored by a pathologist.
Statistics
Two-tailed Student's t test was used to determine significance of differences, as indicated in figure legends. P values less than 0.05 were considered significant.
Study approval
With regard to patient consent and human tissues, prostate cancer patients with high-risk localized prostate cancer were enrolled and treated in a phase I-II neoadjuvant chemotherapy trial at Oregon Health & Science University, Portland VA Medical Center, Kaiser Permanente Northwest Region, Legacy Health System, and University of Washington. Written informed consent was obtained from all patients. The protocol was approved by the Institutional Review Boards of Oregon Health and Science University, Portland Veterans Affairs Medical Center, the University of Washington, and the Portland Legacy Health Systems. Prostate biopsies were obtained prior to chemotherapy. At the time of radical prostatectomy following chemotherapy, cancer-containing tissue samples were obtained and frozen as described (12) . Cancerous epithelium from pretreated biopsies and posttreated prostatectomy specimens were captured separately, and histology was verified by review of H&E-stained sections and laser confocal microscopy images.
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